BAK1 is a leucine-rich repeat receptor-like kinase that functions as a coreceptor with the brassinosteroid (BR) receptor BRI1 and the flagellin receptor FLS2, and as a negative regulator of programmed cell death. BAK1 has been shown to autophosphorylate on numerous serine/threonine sites in vitro as well as to transphosphorylate associated receptor kinases both in vitro and in planta. In the present study we identify Tyr-610 in the carboxyl-terminal domain of BAK1 as a major site of autophosphorylation that is brassinolideinduced in vivo and requires a kinase-active BAK1. Expression of BAK1(Y610F)-Flag in transgenic plants lacking the endogenous bak1 and its functional paralogue, bkk1, produced plants that were viable but extremely small and generally resembled BR signaling mutants, whereas an acidic substitution for Tyr-610 to mimic phosphorylation restored normal growth. Several lines of evidence support the notion that BR signaling is impaired in the BAK1(Y610F)-Flag plants, and are consistent with the recently proposed sequential transphosphorylation model for BRI1/BAK1 interaction and activation. In contrast, the FLS2-mediated inhibition of seedling growth by the flg22 elicitor occurred normally in the Y610F-directed mutant. However, expression of many defense genes was dramatically reduced in BAK1(Y610F) plants and the nonpathogenic hrpA mutant of Pseudomonas syringae was able to grow rapidly in the mutant. These results indicate that phosphorylation of Tyr-610 is required for some but not all functions of BAK1, and adds significantly to the emerging notion that tyrosine phosphorylation could play an important role in plant receptor kinase signaling.
basal immunity | flagellin signaling | receptor-like kinase | tyrosine phosphorylation | phosphospecific antibodies P lants contain a large family of receptor-like kinases (RLKs) that are thought to control many aspects of plant growth and development (1) and also response to biotic and abiotic stresses (2) (3) (4) . The plant RLKs belong to a monophyletic group that is structurally similar to, but evolutionarily distinct from, the animal receptor tyrosine kinases (5) . Accordingly, the plant RLKs are classified as serine/threonine kinases whereas the animal receptor kinases are, with only a few exceptions, tyrosine kinases. However, it was recently reported (6) that the brassinosteroid (BR) receptor, BRinsensitive 1 (BRI1), can also autophosphorylate on tyrosine residues in addition to serine/threonine and thus is a dual-specificity kinase. Several specific sites of tyrosine autophosphorylation of BRI1 are established and Tyr-831 in the juxtamembrane domain has been shown to play an important role in BR signaling in vivo. In that same report (6) it is also documented that BRI1-associated receptor kinase 1 (BAK1), which functions as a coreceptor with BRI1 in BR signaling (7) , could also autophosphorylate on tyrosine residues in vitro. This latter observation provides the basis for the present study.
BAK1 is of particular interest because in addition to its serving as a positive regulator and coreceptor with BRI1, it also has a similar function with the flagellin receptor FLS2 (8, 9) , and further functions as a negative regulator of programmed cell death (10, 11) . How the various functions and interactions of BAK1 are regulated is not known, but conceivably site-specific phosphorylation could play a role. BAK1 is a member of the Arabidopsis somatic embryogenesis receptor kinase (SERK) family that contains five leucine-rich repeat RLKs belonging to subgroup II named SERK1 through SERK5 (12) . The two closest paralogues to BAK1/SERK3 are SERK4 and SERK5. SERK4, also known as BAK1-like (BKK1), has functional overlap with BAK1/SERK3 in BR signaling and control of cell death (10) . SERK1 has also been reported to interact with BRI1 and to be involved in BR signaling (13) , although it clearly cannot substitute for the role played by BAK1/SERK3 or BKK1/SERK4. In contrast to the redundancy just noted, only BAK1/SERK3 has so far been shown to control innate immunity (11) and interact with FLS2 in flagellin signaling (8, 9) . Hereafter for simplicity, we will refer to BAK1 and BKK1 without reference to their SERK designations.
In BR signaling in vivo, BRI1 and BAK1 form a hetero-oligomer and reciprocal transphosphorylation is required to produce the optimal signaling complex (14-16). Recently, BRI1 was also shown to autophosphorylate on tyrosine residues (6), and it is clear that BAK1 (6) and SERK1 (17) are dual-specificity kinases, but the specific sites involved and the functional significance of tyrosine phosphorylation remains untested. In the present study, we used a mutagenesis approach to identify two important tyrosine residues of BAK1: Tyr-463 in the kinase domain, which is essential for catalytic activity, and Tyr-610 in the carboxyl-terminal domain, which is a major site of autophosphorylation. Modification-specific antibodies and site-directed mutants unequivocally established Tyr-610 as a phosphorylation site in vitro and in vivo, and importantly, manipulation of this residue indicated that tyrosine phosphorylation of BAK1 plays a role in some but not all of the BAK1-mediated processes in vivo.
Results
As one approach to investigate the role of specific tyrosine residues of BAK1, we generated site-directed mutants individually by replacing each of the 10 tyrosine residues in the cytoplasmic domain with phenylalanine. One of the tyrosine residues was found to be essential for kinase activity. As shown in Fig. 1A , substitution of Tyr-463 with phenylalanine strongly inhibited autophosphorylation as indicated by complete removal of cross-reactivity with antiphosphothreonine and antiphosphotyrosine antibodies, and almost complete elimination of staining with ProQ Diamond phosphoprotein stain. The other substitution that was of interest was the Y610F mutant, which had strongly reduced autophosphorylation on tyrosine but retained high levels of autophosphorylation on serine/threonine residues ( Fig. 1 A and B) . These results suggested that Tyr-610 in the carboxyl-terminal domain is a major site of tyrosine autophosphorylation but that other minor site(s) may exist as well. It is not clear from the mutagenesis results whether Tyr-463 is one of the minor sites of tyrosine autophosphorylation (with phosphorylation being essential for activity) or whether the free hydroxyl group at this position is required for kinase activity, because in either case the phenylalanine substitution would result in a kinase-inactive enzyme.
A sequence-and modification-specific antibody was developed to confirm the autophosphorylation of Tyr-610. As shown in Fig.  1C , the antibodies readily detected recombinant WT Flag-BAK1, and the specificity of the antibodies was demonstrated by complete inhibition of the immunoblot signal by only the appropriate phosphotyrosine-containing peptide (i.e., the antigen peptide designated pY610). Furthermore, the anti-pY610 antibodies did not recognize the Y610F mutant (Fig. 1D) , and finally, cross reactivity with the WT Flag-BAK1 protein was completely inhibited by pretreatment with the protein tyrosine phosphatase, PTP1B, which is highly specific for phosphotyrosine residues (18) . Consequently, autophosphorylation of BAK1 at Tyr-610 in vitro is unequivocally established. Importantly, BAK1 is clearly phosphorylated on tyrosine residues in vivo, and Tyr-610 is at least one of the sites based on cross-reactivity with the modification-specific antibodies (Fig. 1E) . Interestingly, in vivo the Tyr-610 site appears to be the major or sole site of tyrosine phosphorylation based on nearly complete loss of reactivity of the BAK1(Y610F)-Flag directed mutant with antiphosphotyrosine antibodies (Fig. 1E) . These results confirmed the specificity of the anti-pY610 antibodies and unequivocally established Tyr-610 as an in vivo phosphorylation site. The BL-dependence of BAK1-Y610 phosphorylation in vivo was demonstrated in plants expressing BAK1-Flag in the bak1/bkk1 double mutant background (Fig. 1F) . Phosphorylation of Tyr-610 in vivo was also shown to be BL-induced in double transgenic lines and, importantly, this required a kinaseactive BAK1 (Fig. S1 ), strongly suggesting that it is an autophosphorylation event. This latter notion is also supported by the observation that recombinant Flag-BRI1 cytoplasmic domain can transphosphorylate a kinase-inactive GST-mBAK1 on threonine residue(s) but not on Tyr-610 (Fig. 1G) .
To determine whether phosphorylation of Tyr-610 plays a role in vivo, we expressed site-directed mutants of BAK1 at the 610 position in the homozygous bak1-4 bkk1-1 double mutant, which die as young seedlings in the absence of a functional copy of either BAK1 or BKK1 as a result of induction of programmed cell death (10, 11) . As shown in Fig. 2 A and B, and as reported previously (10, 15) , plants expressing BAK1-Flag in the bak1-4 bkk1-1 double mutant background have a nearly normal growth phenotype similar to the single mutant BAK1_/bkk1 bkk1. Interestingly, expression of BAK1(Y610F)-Flag in the homozygous double mutant was clearly able to rescue the seedling-lethal phenotype (i.e., prevent programmed cell death), but plants were strongly dwarfed throughout vegetative ( function in growth processes. As an independent test of biological function, BAK1-Flag WT and site-directed mutants were expressed in the weak allele bri1-5 background (19) . The bri1-5 mutants are dwarfed but can be rescued by overexpression of WT BAK1-Flag (7, 15) (Fig. 2C) . However, overexpression of the Y610F mutant was not able to rescue the bri1-5 mutant phenotype. Collectively, these results suggest that phosphorylation of Tyr-610 is essential for BAK1 function in BR signaling in vivo but not for inhibition of programmed cell death.
We also examined two additional read-outs of BR signaling in vivo: hypocotyl elongation (7, 15, 16) and phosphorylation status of the transcription factor BES1 (20, 21) in the presence and absence of exogenous BL. As shown in Fig. 2D , the Y610F mutant is short and essentially unresponsive to exogenous BL, suggesting first that BR signaling in vivo is impaired. Consistent with these physiological findings, we also observed that a high concentration of exogenous BL (1 μM) resulted in dephosphorylation of phospho-BES1 in BAK1-Flag plants and BAK1(Y610E)-Flag plants but not the Y610F-directed mutant (Fig. 2E) , providing further molecular evidence of impaired BR signaling in the Y610F mutant.
As a test of the biological function of BAK1 in pathogen responses, we examined the ability of the FLS2 peptide ligand, flg22, to inhibit growth of Arabidopsis seedlings (22, 23) . Growth inhibition in this system requires BAK1, which serves as coreceptor for FLS2. As shown in Fig. 3 , low concentrations (10 nM) of flg22 inhibited growth of WT Arabidopsis seedlings and transgenic seedlings expressing WT or the Y610F-directed mutant of BAK1-Flag (all in the bak1-4 bkk1-1 double mutant background) to generally the same relative extent despite the fact that overall growth differed considerably. The similar sensitivity to flg22 inhibition of growth, measured as seedling fresh weight accumulation (Fig. 3A) or hypocotyl elongation (Fig. S2) , suggests that phosphorylation of Tyr-610 is not required for BAK1 function as coreceptor with FLS2 in flagellin signaling leading to seedling growth inhibition. However, expression of the Y610F-directed mutant strongly affected the ability of the nonpathogenic hrpA mutant of Pseudomonas syringae pv. tomato (Pst) strain DC3000 to grow in inoculated leaves. The hrpA mutant of Pst DC3000 is defective in assembly of the type III secretion system and therefore cannot inject effectors into host cells that allow for bacterial multiplication and pathogenesis (24) . As shown in Fig. 3B , transgenic bak1-4 bkk1-1 double mutant plants expressing BAK1 (Y610F)-Flag allowed the hrpA mutant to grow to 10-fold higher levels compared with plants expressing WT BAK1-Flag. These results suggest that the Y610F mutant lacks the normal host defense responses even though some BAK1-dependent responses (e.g., flg22-induced inhibition of growth) are unaffected.
Collectively, the results suggest that one function of Tyr-610 phosphorylation is to promote the ability of BAK1 to serve as coreceptor with BRI1 in vivo. As previously reported (15), BAK1 can bind to and transphosphorylate BRI1 in vivo, and this is thought to be essential to enhance signaling output in planta. Importantly, both components of this functional interaction can be examined in vitro by monitoring the ability of BAK1 to (i) bind to BRI1 and (ii) increase the transphosphorylation activity of BRI1 using the BR13 synthetic peptide as substrate (15, 25) . As shown in Fig. 4A , BRI1-Flag-CD bound to immobilized GST-BAK1-CD (Fig. 4A, Left) and the Y610F-directed mutant (Fig. 4A, Right) with nearly identical affinities. BRI1-Flag-CD did not bind to immobilized GST alone (Fig. S3 ), so the binding activity shown in Fig. 4A is specific. However, whereas GST-BAK1-CD substantially increased the ability of Flag-BRI1-CD to transphosphorylate a synthetic peptide substrate (15), the kinase-inactive K317E mutant of BAK1 (10) and the Y610F-directed mutant did not (Fig. S4) , and likewise, neither site-directed mutant was effective in catalyzing the transphosphorylation of a K911E-substituted, kinase-inactive, Flag-mBRI1-CD (Fig. 4B) . The inability of the kinase-inactive K317E mutant to transphosphorylate and stimulate BRI1 activity has been demonstrated before (15) and is expected, but it is important to note that the inability of GST-BAK1(Y610F)-CD to transphosphorylate/activate BRI1 is not the result of impaired kinase activity, as the Y610F mutant autophosphorylates on serine/ threonine residues (Fig. 1A) . The important conclusion is that BAK1 Tyr-610 phosphorylation is required to fully activate BRI1, which is recognized to be one of the important factors that influences signaling leading to plant growth (1, 15, 25, 26) . To further explore the molecular basis for the dwarf phenotype of the Y610F transgenic plants, we used ATH1 GeneChips (Affymetrix) to monitor relative transcript levels in plants expressing native sequence BAK1-Flag or BAK1(Y610F)-Flag in the bak1-4 bkk1-1 double mutant background. Because the phenotype of the Y610F mutant is similar to BR-signaling mutants, we wanted to compare genes that were differentially expressed in Y610F with the list of known brassinolide (BL)-regulated genes (1) . Of the 756 BL-regulated genes identified by Vert et al. (1) , 209 were differentially expressed (absolute foldchange value ≥1.3) in BAK1(Y610F)-Flag plants compared with WT BAK1-Flag plants in the double mutant background (Table  1) . Because BL-induced changes in gene expression are generally modest (absolute fold-change value ≥1.3) (1) we used the same cutoff value for evaluation of our microarray results. In the majority of cases (135 of 209; identified as groups 1 and 2 in Table 1 ), the Y610F plants were similar to the mock-BL treatment, which suggests that a subset of BR-regulated genes are not properly expressed in the Y610F plants. Many of the group 1 genes encode cell wall-modifying enzymes that are associated with growth, and thus their decreased expression in the Y610F plants could contribute to the dwarfed phenotype of these plants. The group 2 genes are those that are normally down-regulated by BL but were not so regulated in the Y610F directed mutant. Likewise, the other two groups include genes whose regulation was inappropriate in the Y610F directed mutant, and include those that were incorrectly up-regulated (group 3) or incorrectly down-regulated (group 4) in Y610F. It is not clear how these changes in gene expression might contribute to the dwarfed phenotype but is taken here as support for the notion that BLregulated gene expression was altered.
In addition, 1,403 genes [838 genes down (Table S1 ), 565 genes up (Table S2) ] that are not BL-regulated were also differentially expressed (absolute fold-change value ≥2.0) in BAK1(Y610F)-Flag plants relative to WT BAK1-Flag, indicating alterations in gene expression beyond the BR network. It is likely that the altered expression of some of these 1,403 genes could also contribute to the dwarfed phenotype of the Y610F plants. However, what was striking is that many of the down-regulated genes are associated with defense or stress responses. Indeed, nearly one fourth of the 838 genes down-regulated in Y610F plants relative to WT BAK1 plants are functionally categorized as being associated with response to stress or abiotic/biotic stimulus (bold entries in Table S1 ). Previously, Kemmerling et al. (11) suggested that BAK1 controls the expression of genes associated with innate (unconditioned) immunity in the absence of pathogens or elicitors because noninfected bak1 mutants had altered expression of 38 genes associated with response to microbial infection. The genes listed in Table  S1 include 21 of the 38 genes altered in expression in the bak1 mutants (11) with innate (or unconditioned) immunity in the absence of pathogens or elicitors, but greatly expands the list of genes so regulated and further suggest that phosphorylation of Tyr-610 is required for the BAK1-dependent expression of these defense genes in the absence of biotic stimulus. The reduced expression of defense genes in the Y610F mutant plants likely explains the increased ability of the Pst DC3000 hrpA mutant to multiply in inoculated leaf tissue (Fig. 3B) .
Discussion
BAK1 is a coreceptor and positive regulator of two signaling pathways (BR-and flagellin-signaling) and a negative regulator of programmed cell death. Site-specific phosphorylation and the ability to transphosphorylate the associated receptor kinase are thought to be essential for BAK1 function. This has been best studied in BR signaling, where serine/threonine-phosphorylation of BAK1 and the ability to transphosphorylate BRI1 on Ser/Thr residues is critical for enhancing signaling output (15) . In the present study, we show that site-specific tyrosine phosphorylation of BAK1 is also critical for its function in BR signaling but apparently not for flg22-induced inhibition of growth (mediated by FLS2) or suppression of programmed cell death. The requirement for phosphorylation of BAK1 Tyr-610 in BL signaling is supported by several lines of evidence: (i) the dwarf phenotype of BAK1 (Y610F)-Flag plants is reminiscent of BR-signaling mutants ( Fig. 2  A and B) ; (ii) reduced response of hypocotyl elongation to exog- enous BL in BAK1(Y601F)-Flag (Fig. 2D) ; (iii) altered expression of a subset of BL-regulated genes (Table 1) ; (iv) reduced dephosphorylation of BES1 in response to exogenous BL (Fig. 2E) ; and (v) inability of recombinant Flag-BAK1(Y610F)-Flag to activate Flag-BRI1-CD in vitro ( Fig. 4B and Fig. S4 ) despite the fact that the two proteins interact normally (Fig. 4A) . The last line of evidence may also provide at least partial explanation for the reduction in BL signaling in vivo, as phosphorylation of Y610 appears to be essential for full BAK1-mediated activation of BRI1 via transphosphorylation. Another important finding was that BAK1 Tyr-610 phosphorylation affects the expression of a large number of defense-related genes. This finding confirms the report of Kemmerling et al. (11) that BAK1/SERK3 controls innate immunity in noninfected plants, but our results dramatically expand the number of defense genes impacted and implicate tyrosine phosphorylation of BAK1 in this process. Thus, Tyr-610 phosphorylation may differentially regulate the role of BAK1 in the four pathways in which it participates, playing a positive role in (i) BR signaling (with BRI1) and (ii) expression of defense and defense-related genes in the absence of infection; but not in (iii) flagellin signaling (with FLS2) leading to inhibition of growth or (iv) suppression of programmed cell death.
Tyr-610 was established as a major site of phosphorylation of BAK1 in vitro ( Fig. 1 A-D ) and in vivo (Fig. 1E) . The site was originally identified by mutagenic analysis and then confirmed by development of sequence-and modification-specific antibodies. The anti-pY610 antibodies were shown to be highly specific and thereby unequivocally confirmed the phosphorylation of Tyr-610 in vitro and in vivo. Interestingly, a tyrosine residue at this position is found only in BAK1 and the most closely related family members, BKK1 and SERK5 (Table S3 ). SERK1 and SERK2 have a leucine residue at this position, which conserves the position of a hydrophobic residue but precludes phosphorylation at this site. These two isoforms also lack the proline residue that is adjacent to Tyr-610 and, as discussed later, this may be a critical feature contributing to functionality of the SERK family members.
How the phosphorylation status of Tyr-610 affects the functions of BAK1 in various signaling pathways is not clear, but one possibility is that pTyr-610 is required for proper interaction with the associated receptor kinase such that transphosphorylation can occur (15, 17) , and this altered functional interaction with BRI1 may explain the reduced BL signaling in vivo.
Materials and Methods
Plant Growth and Generation of Transgenic Lines. Arabidopsis thaliana ecotype Ws-2 was used as the WT and conditions for plant growth were as described previously (6) and are described in more detail in SI Materials and Methods.
Bacterial Inoculation. Plants expressing WT BAK1-Flag or BAK1(Y610F)-Flag in the bak1-4 bkk1-1 double mutant background were infiltrated with bacterial suspensions and sampled immediately after inoculation (day 0) or after 3 d as described previously (28) .
Site-Directed Mutagenesis of Flag-BAK1-CD and Recombinant Protein Studies. The described Flag-BAK1-CD construct (15) and the QuikChange XL SiteDirected Mutagenesis Kit (Stratagene) were used to generate with the following substitutions: Y304F, Y363F, Y365F, Y403F, Y443F, Y463F, Y478F, Y530F, Y587F, and Y610F. Recombinant proteins were analyzed by immunoblotting and the ability of Flag-BAK1-CD (WT and Y610F-directed mutants) to transphosphorylate Flag-BRI1-CD and increase its kinase activity was monitored using the BR13 peptide (sequence GRJKKIASVEJJKK, where J is norleucine) as substrate as previously described (15) .
Protein Interaction Studies. The real-time binding of Flag-BRI1 to GST-BAK1 or GST-BAK1(Y610F) was monitored using an Octet QK (ForteBio). One-shot K D was calculated based on the 1:1 model and the average K D was extracted from binding results for six different concentrations of the analyte.
Preparation of Microsomal Membranes for Immunoblot Analysis. Microsomal membranes were isolated, solubilized with Triton X-100, and recombinant Flag-tagged protein affinity-purified as described (14) . Custom anti-pY610 antibodies were produced by GenScript against the sequence IENEpYPSGPRC, where the terminal cysteine residue was added for coupling.
RNA Preparation and Microarray Processing. Total RNA was isolated and cleaned using an RNeasy Mini Kit (Qiagen) and RNA microarray analysis was performed by the W. M. Keck Center for Comparative and Functional Genomics in the Roy J. Carver Biotechnology Center at the University of Illinois (Urbana, IL) using Affymetrix GeneChip Arabidopsis ATH1 genome arrays (Affymetrix), as described in more detail in SI Materials and Methods.
